ABSTRACT This study was conducted to investigate the effect of betaine on growth performance, carcass characteristics, myogenic gene expression, and insulinlike growth factor-1 (IGF-1) signaling pathway in partridge shank broiler chickens. A total of 192 one-day-old partridge shank broiler chickens were randomly divided into 4 groups with 6 replicates of 8 chickens for a 52-d feeding trial. Broilers were fed a basal diet supplemented with 0 (control), 250 (B250), 500 (B500), or 1,000 (B1000) mg/kg betaine. Compared with the control group, the B500 and B1000 groups had higher (P < 0.05) body weight gain (BWG), and the B500 group had a lower (P < 0.05) feed/gain ratio (F:G) during the whole trial period. Moreover, the B1000 group increased (P < 0.05) the breast muscle yield and decreased (P < 0.05) relative abdominal fat weight. The mRNA expression of myocyte enhancer factor 2B (MEF2B) and mechanistic target of rapamycin (mTOR) and mTOR phosporylation were higher (P < 0.05) in both breast and thigh muscles in the B500 and B1000 groups than those in the control group. The higher (P < 0.05) concentration and mRNA expression of IGF-1 were also observed in breast muscle in the B500 and B1000 groups. Additionally, the B1000 group up-regulated (P < 0.05) the mRNA level of myogenic differentiation factor 1 (MyoD1) in breast muscle and myogenin (MyoG) in thigh muscle. In conclusion, diets supplemented with 500 or 1,000 mg/kg betaine improved the growth performance of partridge shank broiler chickens during the whole trial period, and the B1000 group significantly improved the breast muscle growth. These improvements might result from increased mRNA expression of MyoD1 and MEF2B in breast muscle and MyoG and MEF2B in thigh muscle, and through alterations in IGF-1/mTOR signaling pathway.
INTRODUCTION
Betaine, a trimethyl derivative of the amino acid glycine, contains three chemically reactive methyl groups which can be used in transmethylation reactions for the synthesis of many substances such as methionine, carnitine, and creatine (Kidd et al., 1997) . When it is demethylationed, it will become glycine and show the function of the amino acid glycine as well. Due to both its methyl donor and amino acid function, betaine could participate in protein and energy metabolism and act as an organic osmolyte to protect cell under stress (Saunderson and Mackinlay, 1990) . In animal nutrition, betaine is called a "carcass modifier" because of its lipotropic and growth-promoting effects (Eklund et al., 2005) . It has been reported that betaine could improve C 2018 Poultry Science Association Inc. Received January 23, 2018. Accepted June 25, 2018. 1 Corresponding authors: zhouym6308@163.com growth performance and muscle yield in broilers (Virtanen and Rosi, 1995; Garcia Neto et al., 2000; McDevitt et al., 2000; Zhan et al., 2006; Rao et al., 2011) . However, the molecular mechanisms by which betaine regulates the performance and muscle growth of broilers remain unclear.
Broiler growth is related to skeletal muscle development which is regulated by myogenic regulatory factors including myogenic differentiation factor 1 (MyoD1), myogenic factor 5 (Myf5), muscle regulator 4 (MRF4), myogenin (MyoG), myocyte enhancer factor 2 family of transcription factors (MEF2A, B, C, D), as well as myostatin (MSTN) (Hennebry et al., 2009; Townley-Tilson et al., 2010) . In in vitro study, Senesi et al. (2013) had found that betaine could stimulate morphological changes and hypertrophic process in neo myotubes by increasing MyoD, Myf5, and MyoG protein levels. However, in in vivo study whether betaine could regulate these myogenic regulatory factors to improve muscle growth of broilers remain unknown.
It has been proven that differentiation and hypertrophy of myoblasts are regulated by the insulin-like 4297 growth factor-1 (IGF-1) signaling pathway, which is critically mediated by the mechanistic target of rapamycin (mTOR) (Devol et al., 1990; Coleman et al., 1995) . Its downstream targets, eIF4E-binding protein 1 (4EBP1) and ribosomal protein S6 kinase 1 (S6K1), have been found to control protein synthesis ). In addition, IGF-1 could prevent the expression of atrogin-1 and muscle ring finger-1 (MuRF1), some kinds of muscle atrophy-induced ubiquitin ligases, by inhibiting the forkhead box O (FoxO) subfamily of transcription factors (Stitt et al., 2004; Latres et al., 2005) . It has been recently reported that betaine could promote skeletal muscle fibers differentiation and increase myotubes size by IGF-1 pathway activation in C2C12 murine myoblasts in in vitro study (Senesi et al., 2013) , and increased protein kinase B (Akt) and S6K1 phosphorylation to promote protein synthesis (Apicella et al., 2013) , which implies that betaine may improve muscle growth by regulating IGF-1 signaling pathway. But, to our knowledge, whether this molecular mechanism exists in broilers has not been reported. Therefore, the objective of this study was to investigate the effects of betaine on growth performance, carcass characteristics, myogenic genes expression, IGF-1 concentration and expression of genes and proteins associated with IGF-1 signaling pathway in broiler chickens.
MATERIALS AND METHODS

Experimental Design
All procedures involving animals were approved by Nanjing Agricultural University Institutional Animal Care and Use Committee.
A total of 192 one-day-old broiler chickens (a Chinese local breed with partridge shank) with similar body weight (34.8 ± 0.1 g) (mean ± SEM) were randomly divided into 4 groups with 6 replicates of 8 chicks for a 52-d feeding trial. Broilers were fed a basal diet supplemented with 0 (control), 250 (B250), 500 (B500), or 1,000 (B1000) mg/kg betaine, respectively. Synthetic anhydrous betaine (96%) was obtained from Yixing Skystone Feed Co., Ltd. (Yixing, Jiangsu, P. R. China). Ingredient composition and nutrient contents of the basal diets based on the NRC (1994) and Chinese feeding standard of chicken (NY/T33-2004) are present in Table 1 . Broilers were allowed free access to mash feed and water in three-layer cages (120 cm × 60 cm × 50 cm) in a temperature-controlled room with a 23L:1D lighting program. The temperature of the room was maintained at 32 to 34
• C for the first 3 d and then reduced by 2 to 3
• C per week to a final temperature of 20
• C. The starter and grower periods were divided into 1 to 21 d and 22 to 52 d, respectively. At 21 and 52 d of age, broilers were weighed after feed deprivation for 12 h and feed intake (FI) was recorded by replicate (cage) to calculate body weight gain (BWG) and feed/gain ra- 
Sample Collection
At 52 d of age, 1 male broiler from each replicate were randomly selected and weighed after feed deprivation for 12 h. Broilers were euthanized by cervical dislocation. Carcass weight was measured after the removal of blood, feathers, head, feet, abdominal fat pad, and all of viscera except the lungs and kidneys. The abdominal fat pad was removed from the proventriculus surrounding the gizzard down to the cloaca and weighed. The carcass yield and relative abdominal fat weight were calculated as g/kg live weight (body weight after a 12-h feed deprivation). Subcutaneous fat thickness and intramuscular fat width were measured by a vernier caliper as previously described (Wu et al., 2012) . Subsequently, the left breast muscle and thigh muscle were excised and weighed to calculate muscle yield based on live weight (g/kg), and then breast and thigh muscle samples, collected from pectoralis major muscles and tibialis anterior muscles, were immediately stored in liquid nitrogen until analysis. MyoD1, myogenic differentiation factor 1; Myf5, myogenic factor 5; MRF4, muscle regulator 4; MyoG, myogenin; MEF2, myocyte enhancer factor 2; MSTN, myostatin; IGF-1, insulin-like growth factor-1; mTOR, mechanistic target of rapamycin; 4EBP1, eIF4E-binding protein 1; S6K1, ribosomal protein S6 kinase 1; FOXO4, forkhead box O4; MuRF1, muscle ring finger-1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
IGF-1 Enzyme-Linked Immunosorbent Assay
After thawing at room temperature, the muscle samples were weighed and homogenized (1:9, wt/vol) with ice-cold phosphate buffer saline, and then centrifuged at 3,000 × g for 20 min at 4
• C to collect the supernatant for subsequent assay. The concentration of IGF-1 was measured by a commercial chicken-specific ELISA kit (Nanjing Jiancheng Bioengineering Institute, Nanjing Jiangsu, P. R. China). All measurements were completed in duplicate, and the average values were expressed as ng/g tissue.
Messenger RNA Quantification
Total RNA was isolated from muscle samples according to our previous method as described by Wen et al. (2012) , using RNAiso reagent (TaKaRa Biotechnology, Dalian, Liaoning, P. R. China). The purity and concentration of the isolates were measured from OD260/280 readings (ratio > 1.8) using ND-1000 spectrophotometer (Nano Drop Technologies, Wilmington, DE). Then, RNA samples were diluted in diethyl pyrocarbonate-treated water to an appropriate concentration for PCR assays. Reverse transcription of total RNA was completed using PrimeScript RT Reagent Kit (TaKaRa Biotechnology, Dalian, Liaoning, P. R. China) according to the manufacturer's protocols. Geometric means of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin were used to normalize the genes of interest as recommended (Vandesompele et al., 2002) . The primer sequences, as shown in Table 2 , for MyoD1, Myf5, MRF4, MyoG, MEF2A, MEF2B, MEF2C, MEF2D, and MSTN were synthesized according to Wen et al. (2014a) , and those for mTOR, 4EBP1, S6K1, FOXO4, MuRF1, atrogin-1, β-actin, and GAPDH were synthesized referring to Wen et al. (2014b) . Quantification of mRNA was performed on ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA) using SYBR Premix Ex Taq II Kit (TaKaRa Biotechnology, Dalian, Liaoning, P. R. China). Optimized cycling conditions of all genes were 95
• C for 30 s followed by 40 cycles of 95
• C for 5 s, 60
• C for 31 s, and final dissociation stage of 95
• C for 15 s, 
60
• C for 1 min, 95
• C for 15 s, and 60
• C for 15 s. All measurements were completed in triplicate, and the average values were obtained. The 2 −ΔΔCT method (Livak and Schmittgen, 2001 ) was used to analyze the relative mRNA levels (arbitrary units), calculated relative to the control group. The mRNA level of each target gene for broilers fed the control diet was assigned a value of one.
Western Blot
The muscle lysates were prepared as previously described (Wen et al., 2017) . In detail, the samples were homogenised in ice-cold RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, P. R. China) and then centrifuged at 12,000 × g for 10 min at 4
• C to collect the supernatant. Protein concentration in the supernatant was determined using a BCA protein assay kit (Bioworld Technology, Inc., Louis Park, MN, USA). Thereafter, the proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. The membrane was blocked and incubated with appropriate antibodies: p-mTOR (Ser2448), p-4EBP1 (Thr37) and p-S6K1 (Ser371) were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). The GAPDH antibody (Bioworld Technology, Inc., Louis Park, MN, USA) was used as a loading control. After washing, membranes were incubated with a secondary antibody (Rockland Immunochemicals, Gilbertsville, PA, USA). The bands were visualised by infrared fluorescence using the Odyssey Imaging System (LI-COR) and quantified by Odyssey infrared imaging system software.
Statistical Analysis
All data were analyzed by one-way ANOVA using SPSS (2008) statistical software (version 16.0 for Windows, SPSS Inc., Chicago, IL, USA). The differences among treatments were examined by Tukey's test, which were considered to be significant at P < 0.05. The means and total standard errors were presented.
RESULTS
Growth Performance
Compared with the control group, the broilers fed the diet supplemented with betaine had no significant difference in growth performance, whereas the B500 group had lower (P < 0.05) F:G than the B250 group during the starter period (Table 3) . Moreover, the B500 group had lower (P < 0.05) F:G and the B1000 group had higher (P < 0.05) BWG than the control group during the grower period. Throughout the whole trial period, BWG was greater (P < 0.05) in the B500 and B1000 groups and a lower (P < 0.05) F:G was also observed in the B500 group when compared with the control group. Differences in FI were not observed among the groups.
Carcass Characteristics
Compared with the control group, the B1000 group had greater (P < 0.05) breast muscle yield and lower (P < 0.05) relative abdominal fat weight, whereas other indicators did not differ among treatments (Table 4) .
Messenger RNA Expression of Myogenic Regulatory Genes
In breast muscle, the expression of MyoD1 mRNA was higher (P < 0.05) in the B1000 group than that in the control and B250 groups. In thigh muscle, the B1000 group had a higher (P < 0.05) mRNA level of MyoG than the control group. Furthermore, compared with the control group, the B500 and B1000 groups up-regulated (P < 0.05) the mRNA level of MEF2B both in breast and thigh muscles, whereas the mRNA expression of other genes in breast and thigh muscles tested had no significant difference (Table 5) .
IGF-1 Concentration
Compared with the control group (Table 6 ), the concentration of IGF-1 in breast muscle was higher (P < 0.05) in the B500 and B1000 groups, and the same trend was observed in thigh muscle (P = 0.074).
Gene Expression and Protein Phosporylation associated with the IGF-1 Signalling Pathway
As indicated in Table 7 , the expression of IGF-1 mRNA in breast muscle was higher (P < 0.05) in the B500 and B1000 groups than that in the control group, and the same trend was observed in thigh muscle (P = 0.070). Compared with the control group, the mRNA expression and protein phosporylation of mTOR were significantly increased (P < 0.05) in the B500 and B1000 groups both in breast and thigh muscles (Table 7 ; Figure 1 ). But there were no differences in the expression of other genes or the phosphorylation of 4EBP1 and S6K1.
DISCUSSION
The present study demonstrated that supplementation of betaine did not affect growth performance of partridge shank broiler chickens during the starter period, but could improve F:G and BWG during grower period. Throughout the whole trial period, broilers fed a basal diet supplemented with 500 or 1,000 mg/kg betaine had a greater BWG and the B500 group also improved F:G when compared with the control group, which implied that diet supplemented with betaine may Table 6 . Effect of betaine on the insulin-like growth factor-1 (IGF-1) concentration in muscle of broilers at 52 d of age (ng/g tissue). a-c Means within a column with different superscripts differ significantly at P < 0.05. 1 B250, basal diet supplemented with 250 mg/kg betaine. 2 B500, basal diet supplemented with 500 mg/kg betaine. 3 B1000, basal diet supplemented with 1,000 mg/kg betaine. 4 SEM, standard error of means (n = 6). 5 IGF-1, insulin-like growth factor-1; mTOR, mechanistic target of rapamycin; 4EBP1, eIF4E-binding protein 1; S6K1, ribosomal protein S6 kinase 1; FOXO4, forkhead box O4; MuRF1, muscle ring finger-1. Figure 1 . Effects of betaine on protein phosporylation in muscle of broilers at 52 d of age. B250, B500, B1000, basal diet supplemented with 250, 500, and 1,000 mg/kg betaine, respectively. mTOR, mechanistic target of rapamycin; 4EBP1, eIF4E-binding protein 1; S6K1, ribosomal protein S6 kinase 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Results are presented as means ± SEM (n = 6). Bars marked with different superscripts are significantly different at P < 0.05.
improve the growth performance of broilers. This finding was consistent with the data of Zhan et al. (2006) who reported that diet supplemented with 500 mg/kg betaine significantly improved BWG and feed conversion ratio of broilers during 22 to 42 d. Moreover, Rao et al. (2011) also found that BWG of broilers during 1 to 42 d was significantly improved by betaine supplementation (800 mg/kg). However, some studies indicated that betaine did not affect growth performance of broilers (Esteve-Garcia and Mack, 2000; Xing et al., 2011) . The variable response to betaine supplementation is likely due to the chicken breeds, rearing environment, methionine levels of diets, etc. For example, in Esteve-arcia and Mack (2000) study, the diet in the earlier stage was methionine-deficient (64% adequate), but in our study, broilers were fed adequate methionine diet during the starter period.
As expected, our data showed that incremental levels of betaine linearly decreased absolute and relative abdominal fat weight, and the B1000 group significantly decreased relative abdominal fat weight of broilers, which was consistent with the result of Saunderson and Mackinlay (1990) that betaine supplementation could reduce body fat in broilers. This may be due to the fact that betaine supplementation inhibits the activities of lipogenesis-related enzymes such as fatty acid synthase, acetylcoenzyme A carboxylase and their messenger RNA expression (Huang et al., 2008; Xing et al., 2011) and promotes fatty acid β-oxidation (Leng et al., 2016) . In terms of muscle growth, diets supplemented with 500 and 1,000 mg/kg betaine increased breast muscle yield by 7.97% and 12.72%, and the B1000 group had significant higher breast muscle yield, compared with the control group. These data indicated that betaine supplementation could promote muscle growth of broilers, which was in accordance with the finding of Zhan et al. (2006) , who reported that the broilers fed the diet supplemented with betaine had higher breast muscle yield. Similar results were also reported by McDevitt et al. (2000) and Schutte et al. (1997) . This may be due to increased muscle protein deposition induced by betaine. (Zhan et al., 2006; Rao et al., 2011) .
As a first step in the elucidation of the mechanism by which muscle growth is regulated by betaine, the mRNA levels of myogenic regulatory factors were measured in the present study. Our data showed that diets supplemented with 500 and 1,000 mg/kg betaine increased MEF2B mRNA expression both in breast and thigh muscles, indicating that increased BWG and breast muscle yield in response to betaine may be due to higher MEF2B mRNA expression. Previous studies revealed that MEF2 genes played an essential role in regulating muscle differentiation by enhancing the transcriptional activity of the MyoD1 group basic helixloop-helix (bHLH) muscle regulatory genes (Olson et al., 1995) . But why only MEF2B, not other family members, was affected by betaine remains unclear. Our data also showed that when the dosage of betaine increased from 500 to 1,000 mg/kg, the mRNA levels of MyoD1 in breast muscle and MyoG in thigh muscle reached a significant difference, which might explain why there was a higher breast muscle yield in the B1000 group than that in the control, whereas this remarkable change was not found in thigh muscle yield. This implied that there may be a linear dose-response relationship for the supplementation of betaine, and the regulation mechanism of betaine on the breast and thigh muscles may be different. Because MyoD1 is mainly required for myoblast proliferation whereas MyoG is essential for terminal differentiation (Megeney and Rudnicki, 1995) , but the reason needs to be further studied. Similar results were obtained by Senesi et al. (2013) , who reported that betaine could enhance neo myotube formation by increasing MyoD protein levels during the proliferation phase and increasing Myf5 and MyoG protein levels during the differentiation phase in murine C2C12 cells.
Another part of our study is constituted by the hypothesis that betaine supplementation may activate IGF-1 signaling pathway in broiler muscle. Several authors suggested that IGF-1 signaling pathway could act as an intrinsic mediator of skeletal muscle repair and adaptation, in an autocrine/paracrine mode, to promote the proliferation and differentiation of satellite cells, and to enhance muscle regeneration and determine protein synthesis, and ultimately to increase muscle mass (Devol et al., 1990; Coleman et al., 1995; Musarò and Rosenthal, 1999; Rommel et al., 2001) . Previous studies reported that betaine supplementation could increase serum IGF-1 concentrations in pigs as well as serum and liver IGF-1 concentrations in laying hens, and increase mRNA level of IGF-1 in hen liver tissue and in C2C12 murine myoblasts (Huang et al., 2006; Choe et al., 2010; Senesi et al., 2013) . In our study, the concentration and the mRNA expression of IGF-1 in breast muscle was higher in the B500 and B1000 groups than those in the control group. Referring to growth performance and muscle yield, our data indicated that betaine acts as a positive stimulus for the activation of IGF-1 signaling pathway in promoting muscle growth. Furthermore, increased mTOR mRNA expression was observed in both breast and thigh muscles of broilers fed a basal diet supplemented with 500 and 1,000 mg/kg betaine, whereas there was no difference in FOXO4 mRNA expression. As the important downstream pathways of the IGF-1/Akt, the mTOR and FOXO pathways have been confirmed to play an important role in muscle protein synthesis and degradation, respectively (Goodman et al., 2011) . Therefore, our data implied that betaine supplementation may improve skeletal muscle growth mainly by enhancing protein synthesis rather than inhibiting protein degradation. Moreover, we observed that the phosphorylation of mTOR protein was significantly higher in the B500 and B1000 groups than that in the control group, which was simultaneously paralevel with the results of mRNA levels. Apicella et al. (2013) reported that betaine supplementation could enhance IGF-1/Akt signaling pathway by increasing Akt (Ser 473 ) and S6K1 (Thr 389 ) phosphorylation in men after an acute exercise session, and they hypothesized that betaine promoted anabolism through phosphorylation of Akt, which would consequently activate mTOR. Our results proved the possibility of this hypothesis, but the phosphorylation of S6K1 was not affected by betaine. The reason for this discrepancy is unknown.
In conclusion, in the present study, diets supplemented with 500 or 1,000 mg/kg betaine improved the growth performance of partridge shank broiler chickens during the whole trial period, and the B1000 group significantly improved the breast muscle growth. These improvements might result from increased mRNA expression of MyoD1 and MEF2B in breast muscle and MyoG and MEF2B in thigh muscle, and probably through alterations in IGF-1/mTOR signaling pathway. These findings contribute to the growing recognition of the molecular mechanisms of betaine in regulating skeletal muscle development of broilers.
